Background: Centromeres are cis-acting chromosomal domains that direct kinetochore formation, enabling faithful chromosome segregation. Centromeric regions of higher eukaryotes are structurally complex, consisting of various epigenetically modified chromatin types including specialized chromatin at the kinetochore itself, pericentromeric heterochromatin, and flanking euchromatin. Although the features necessary for the establishment and maintenance of discrete chromatin domains remain poorly understood, two models have been proposed based either on the passive convergence of competing activities involved in individual domain formation or, alternatively, on the action of specific genomic sequences and associated proteins to actively block the propagation of one chromatin type into another. Results: Functional analysis of centromeric sequences located at the intersection of Schizosaccharomyces pombe central core chromatin and outer repeat heterochromatin identified a chromatin barrier that contains a transfer RNA (tRNA) gene. Deletion or modification of the barrier sequences result in the propagation of pericentromeric heterochromatin beyond its normal boundary. The tRNA gene is transcriptionally active, and barrier activity requires sequences necessary for RNA polymerase III transcription. Moreover, absence of the barrier results in abnormal meiotic chromosome segregation. Conclusions: The identification of DNA sequences with chromatin barrier activity at the fission yeast centromere provides a model for establishment of centromeric chromatin domains in higher eukaryotes.
Introduction
The centromere is visible cytologically as the primary constriction on metaphase chromosomes and has many roles in chromosome architecture and inheritance. Mammalian centromere regions are large, often stretching for hundreds to thousands of kilobases (kb) of repetitive DNA that assemble into multiple, distinct structural domains that are functionally and genetically linked [1] [2] [3] . The centromere-specific histone H3-like protein, CENP-A, marks the kinetochore domain of all active centromeres, including neocentromeres [4] [5] [6] [7] . Histone H3 methylated at lysine 4 is also present in the kinetochore domain [7] . A second domain assembles pericentromeric heterochromatin enriched in histone H3 di-or trimethylated at lysines 9 and/or 27 [6, 7] and in heterochromatin protein 1 (HP1) [8, 9] . In humans and flies, the CENP-A and pericentromeric heterochromatin domains are spatially distinct: the CENP-A domain is flanked by, but does not overlap, pericentromeric heterochromatin [5, 7] . A third domain assembles distal to the centromere region, on chromosome arms [6, 7, 10] . Each structurally distinct chromatin domain supports its particular functions, namely kinetochore formation; chromosome cohesion, movement, and condensation; and gene expression.
The genomic and/or epigenetic features that delimit distinct centromeric chromatin domains remain poorly understood. One model of genome organization suggests that alternative chromatin states depend primarily on the relative concentrations of DNA bound proteins and on the associated chromatin structures that assemble and spread along the DNA fiber [11, 12] . Alternatively, chromosomal regions such as the centromere may be partitioned into independent structural and functional domains by a specialized class of DNA elements known as chromatin barriers [13] . Chromatin barriers are defined operationally as DNA sequences that restrict the assembly of heterochromatin to specific regions of the genome. They fall within a broader class of elements called insulators, which share a common ability to protect genes from their surrounding environment [14, 15] . Native chromatin barriers have been identified in yeast, flies, and vertebrates (reviewed in [14, 16, 17] ). No common sequence features are apparent among characterized chromatin barriers. In accordance, chromatin barrier proteins are also heterogeneous, although increasing evidence suggests that the recruitment of histone acetylase activity correlates with barrier activity in multiple organisms [14, [18] [19] [20] .
The complex centromere of the fission yeast (S. pombe) represents a model chromatin domain. Nucleosomes forming central core chromatin contain histone H3 methylated on lysine 4 [21] and are interspersed with nucleosomes containing the CENP-A homolog, Cnp1 [22] . In contrast, those in the outer repeat heterochromatin domain are methylated on lysine 9 of histone H3 and bound by the HP1 homolog, Swi6 [23] . Outer repeat chromatin flanks the central core and is necessary for sister chromatid cohesion as well as successful chromosome segregation through the assembly of pericentromeric heterochromatin [24] . The two domains are cytologically distinct [25] . Thus, the fission yeast centromeres resemble those of vertebrates, with the kinetochore embedded in pericentromeric heterochromatin. Transcriptionally active euchromatin flanks the fission yeast centromere and lacks the features characteristic of either central core or outer repeat chromatin.
The epigenetic modifications associated with each centromeric domain can assemble in exogenously inserted DNA or ''spread'' in cis [26] [27] [28] . However, the transition between central core and outer repeat chromatin at fission yeast centromere 1 (cen1) has been mapped to w700 bp of inner repeat (imr) DNA [21, 28] . The observation that domain-specific modifications promiscuously assemble over noncentromeric DNA, yet abruptly terminate within imr centromeric DNA, suggests that the 700 bp transition zone, including two transfer RNA (tRNA) genes, may include a sequence-specific chromatin barrier that delineates distinct protein domains at the centromere [28] .
In this study, we define the centromeric tRNA alanine (tRNA Ala ) gene as a chromatin barrier. Mutations that compromise the assembly of an RNA polymerase III transcription complex eliminate or reduce barrier activity. We demonstrate that tRNA Ala is transcribed from its endogenous, centromeric location. Intriguingly, lack of the chromatin barrier results in abnormal meiotic chromosome segregation, suggesting that the barrier serves to ensure proper centromere function.
Results
Reporter genes artificially placed into fission yeast centromeric DNA are subject to position effect variegation, a reflection of centromeric chromatin assembly and its ability to spread over exogenously inserted DNA [26, 27, 29, 30] . We monitored the level of ura4 + reporter gene expression at five different locations within cen1 by both comparative growth assays and real-time PCR performed on cDNA generated from these strains (Figure 1) . The most significant effect on ura4 + gene expression was observed in strains carrying ura4 + at imr on either side of the centromeric tRNA Ala gene, in accordance with previous studies [27] . When near the outer repeat (otr) sequences, ura4 + is strongly repressed, as indicated by growth on media containing 5-fluoro-orotic acid (5-FOA) and low levels of ura4 + transcript (w1% relative to endogenous ura4 + ) (site 2, Figures 1A and 1B) . However, when the ura4 + reporter gene is near the central core1 (cnt1) sequences (site 3a/b), ura4 + transcript levels are substantially increased (w26% relative to wild-type ura4 + ), and strains fail to grow on media containing 5-FOA, indicating that, at this position, ura4 + is well expressed. Thus, a region of only 480 bp of DNA, including tRNA Ala , separates two distinct chromatin states, consistent with these sequences containing a chromatin barrier that blocks the spread of pericentromeric heterochromatin from impinging upon the central core chromatin domain, or vice versa.
Deletion of tRNA
Ala Leads to a Spread of Silencing Removal of barrier elements or their binding proteins leads to the spread of heterochromatin beyond its natural boundary [20] . To determine whether the tRNA Ala gene itself constitutes the barrier, we generated strains in which tRNA Ala was deleted from its endogenous, centromeric location. In the absence of tRNA Ala , ura4 + is strongly repressed (3a/b::Dala; Figures 2A and 2B ). Expression levels are reduced to w6% of endogenous levels, similar to a strain carrying ura4 + in outer repeat chromatin (w1%; site 1, Figure 1B ). Similar levels of ura4 + repression were observed when tRNA Ala was deleted from either the left (site 3a) or right (site 3b) side of the centromere, and repression was independent of ura4 + reporter gene orientation. These results indicate that the tRNA Ala gene itself has heterochromatin barrier activity.
Silencing Requires Components of Heterochromatin
Models positing that the tRNA Ala gene represents a barrier to heterochromatin spreading predict that ura4 + silencing would be alleviated when heterochromatin assembly is compromised, even in the absence of the barrier. To test this, gene expression was assayed in strains mutant for one of three components of fission yeast pericentromeric heterochromatin: Clr4, a histone methyltransferase [27, 31, 32] ; Swi6, a member of the HP1 family [33] that associates with nucleosomes modified by Clr4 [23, 29, 30] ; or Chp1, a second member of the HP1 family that both binds methylated histone H3 and is required for histone H3 methylation at fission yeast centromeres [32, [34] [35] [36] . The activities of these three proteins parallel those of mammalian HP1a and HP1b interacting with chromatin modified by SUV39H1, the human Clr4 homolog [37] . The ura4 + silencing observed after deletion of tRNA Ala was alleviated in each of the mutant strains (Figure 3 ), thus confirming that ura4 + gene repression observed in the absence of tRNA Ala is dependent on the assembly of pericentromeric heterochromatin. Strains lacking Swi6 showed partial derepression of ura4 + (w44% relative to endogenous ura4 + ), consistent with previous results [27] , indicating that swi6 2 mutant strains maintain H3 methylation of lysine 9 [23] and association with Chp1 [28] . Gene expression was near wild-type levels in strains lacking Clr4 and Chp1 (w124% and w95%, respectively), consistent with both proteins being required for abundant H3 methylation of lysine 9 [23, 35, 36] .
Absence of the tRNA Ala Barrier Results in Changes in Chromatin Structure To examine the chromatin structure of the ura4 + reporter gene in the presence and absence of tRNA Ala , we used chromatin immunoprecipitation with antibodies specific for histone H3 dimethylated at lysine 9 (H3diMeK9) and Cnp1. Immunoprecipitated DNA from several different ura4 + chromatin environments was quantified by realtime PCR. In the presence of tRNA Ala , little H3diMeK9 was detected at ura4 + , consistent with gene expression at this genomic location ( Figure 2C , left). However, when tRNA Ala was deleted, ura4 + sequences were enriched approximately three times more than in strains with an intact tRNA Ala . The enrichment of Cnp1 at ura4 + (site 3) remained constant in the presence and absence of tRNA Ala ( Figure 2C , right). Thus, chromatin immunoprecipitation confirms that the boundary of heterochromatin protein association shifts toward the kinetochore in the absence of tRNA Ala barrier sequences.
Deletion of tRNA Glu Has a Weak Effect on Gene Expression tRNA Glu lays 424 bp away from tRNA Ala and may serve as a barrier specific to the spread of central core chromatin. To test this hypothesis, tRNA Glu was deleted from its endogenous chromosomal location. The absence of tRNA Glu had only a mild effect on expression of a neighboring ura4 + (site 3) (w21% relative to wild-type gene expression) ( Figure 4A ), and the localization of both Cnp1 and H3diMeK9 was not significantly altered ( Figure 4B ). An alternative hypothesis is that tRNA Ala represents only one element of a larger barrier, extending through tRNA Glu . Attempts were made to test this hypothesis by deleting both tRNA Ala and tRNA Glu from their endogenous centromeric location; however, these strains were not recovered (see Discussion).
tRNA
Ala Barrier Activity Is Sequence Specific A tRNA gene and its associated RNA polymerase III (RNA pol III) complex functions as part of a barrier downstream of the HMR locus in S. cerevisiae [38, 39] . Since the centromeric barrier defined here contains a tRNA Ala gene, we next conducted a series of experiments to address the role of RNA pol III-mediated transcription in barrier activity. In fission yeast, tRNA genes contain internal promoter elements (box A and box B sequences) necessary for preinitiation complex assembly, as well as upstream TATA sequences [40, 41] . Mutations in the box A and upstream TATA boxes are known to reduce transcription of S. pombe tRNA genes both in vitro and in vivo, while altering the sequence between box A and box B sequences has no effect on transcription [40, 42] . Thus, strains carrying mutations in box A sequences, in TATA sequences, and in the loop between box A and box B sequences were constructed and analyzed for barrier activity ( Figure 5 ). As expected, modification of the loop sequence between box A and box B sequences had no effect on barrier activity; strains grow on media lacking uracil and have relative levels of ura4 + expression (w24%) comparable to the control strain (w26%). In contrast, mutation of the box A sequences eliminated chromatin barrier activity to the same extent as a deletion of tRNA Ala (w8% relative ura4 + expression and growth on 5-FOA). Alteration of the upstream TATA box had an intermediate effect (w15% wild-type activity). Together, these results demonstrate that barrier activity is sequence dependent and suggests a mechanism that requires RNA pol III transcription complex assembly. Ala loop mutation, which has no effect on barrier activity ( Figure 5 ), but allows centromeric tRNA Ala to be uniquely distinguished from the remaining 11 genomic copies. In this assay, a single nucleotide extension reaction with a primer specific for the 4 bp loop mutation was performed on cDNA reverse transcribed from total RNA isolated from both wild-type strain and tRNA Ala loop mutant strains. Thus, if tRNA Ala is transcribed at the centromere, then a dye peak is expected from a reaction containing cDNA from the loop mutant strain. Indeed, while peaks were absent from wild-type strains and plasmids, a single peak was observed in a control plasmid carrying the loop mutation and in cDNA from strains bearing the loop mutation at tRNA Ala , thus demonstrating that, despite its proximity to pericentromeric heterochromatin, tRNA Ala is transcribed from its endogenous location ( Figure 6 ).
The Absence of tRNA
Ala Reduces Spore Viability and Alters Meiotic Chromosome Segregation The changes in chromatin structure associated with loss or mutation of the tRNA Ala barrier might be predicted to alter centromere activity, perhaps by interfering with the assembly of a fully functional kinetochore over central core chromatin. However, no obvious defects in mitotic chromosome segregation were observed, as assayed by both growth on media in the presence of an antimicrotubule drug and immunofluorescence of cells at various stages of mitosis (data not shown).
In contrast, genotypic analysis of random spores suggests that strains lacking the tRNA Ala barrier fail to properly segregate chromosomes. Representative strains in the presence of tRNA Ala (sites 3a/b) or absence of the barrier (Dala) were crossed to a strain bearing the ura4 DS/E minigene allele [27] at the endogenous ura4 + locus. After ascus digestion, w1000 spores from each cross were plated onto nonselective media. Spore viability was reduced to w66% in strains lacking tRNA Ala versus w78% in the presence tRNA Ala . Next, the segregation pattern of each ura4 + allele was determined, with the centromeric ura4 + reporter gene as a surrogate for segregation of the tRNA Ala barrier (or Dala) sequences. Individual colonies were genotyped by a PCR assay that amplifies both the full-length and ura4 DS/E minigene alleles. Colonies carrying the ura4 DS/E minigene (thus representing a positive PCR control) were scored for either the presence or absence of the full-length ura4 
+ centromeric insertion sites, as in Figure 1 . Error bars represent the standard error of the mean.
reporter gene. In the presence of tRNA Ala , w50% of strains carrying the ura4 DS/E minigene also carried the full-length centromeric ura4 + (54%, 78/145), demonstrating normal segregation of chromosome 1. In contrast, only w33% (59/178) (chi-square test; p < 0.05) of ura4 DS/E-containing colonies also carried the fulllength ura4 + gene when the tRNA Ala barrier was deleted, suggestive of chromosome 1 meiotic segregation defects in the absence of the tRNA Ala barrier.
Centromeric tRNA Genes Have Heterochromatin Barrier Activity at an Ectopic Location
One defining trait of the centromere is the presence of the histone H3 variant CENP-A, which localizes to the inner kinetochore plate and is underlain by pericentromeric heterochromatin [5, 43, 44] . Moreover, fission yeast centromeres cluster at the spindle pole body through much of the cell cycle [45] . We speculated that the centromeric barrier might be specifically tailored to block heterochromatin at its unique centromeric location. To assess barrier activity independent of the neighboring kinetochore, we took advantage of an ectopic silencing assay [35] . When integrated at an ectopic location, the L5 element, isolated from otr centromeric DNA, efficiently induces the formation of pericentromeric heterochromatin that is indistinguishable from that found at endogenous centromeres. Either the w730 bp imr fragment encompassing both the tRNA Ala and tRNA Glu genes or a 1 kb unrelated stuffer fragment was inserted between L5 and a ura4 + reporter gene, and the effect on ura4 + gene expression was analyzed. Strains carrying the 1 kb stuffer fragment were efficiently silenced by the L5 element, as indicated by growth on media containing 5-FOA and quantitative analysis of ura4 + transcript levels (w15% relative to endogenous ura4 + expression) (Figure 7) . In contrast, the 730 bp imr fragment partially alleviated L5-dependent silencing (w44% endogenous ura4 + expression). Thus, centromeric sequences containing the tRNA Ala barrier inhibit the spread of heterochromatin independent of chromosomal location.
Discussion
Although tRNA genes at the fission yeast centromere were identified nearly 15 years ago [46, 47] , thorough analysis of their function has not been reported. In this study, we demonstrate that tRNA Ala is actively transcribed and that disruption or deletion of the coding region results in the spread of pericentromeric heterochromatin beyond its normal boundary, interfering with meiotic chromosome segregation. Moreover, inhibition of heterochromatin spreading is not dependent on centromeric location. Earlier studies defined a specific tRNA gene as a barrier to Sir protein-mediated gene silencing at the HMR locus in S. cerevisiae [39] , suggesting a common function of tRNA genes as genomic landmarks in single-celled eukaryotes.
Analogous to the findings of Donze et al. [39] , this study demonstrates that sequences necessary for the formation of a preinitiation complex are required for Fission Yeast Centromeric Heterochromatin BarriertRNA barrier activity ( Figure 5 ). However, we cannot at this time conclude whether transcription is required for barrier activity or if complex formation is sufficient. Several transcriptionally active genes have also been reported in a rice centromere; however, in this organism the CENP-A and pericentromeric heterochromatin domains overlap [6] , suggesting that these genes would not be likely candidates for centromeric barriers in that organism.
Due to the symmetry of fission yeast cen1, the analysis of associated changes in chromatin structure in the absence of the barrier is restricted to ura4 + reporter gene sequences. Within these limitations, we estimate H3diMeK9 chromatin extends at least w600 base pairs (beyond site 2, which is highly enriched in H3diMeK9, Figure 2 ) in the absence of tRNA Ala . It should also be noted that the expansion of the heterochromatin domain occurs in strains with wild-type levels of Swi6 protein, and no overexpression of Swi6 was employed to obtain the observed phenotypes. Extending the boundary of pericentromeric heterochromatin at the centromere results in concomitant reduction in spore viability and reduced recovery of the affected chromosome after meiosis. Together, these observations suggest stochastic missegregation of chromosome 1, thus resulting in nullosomic aneuploid spores, which are not viable [48] . Further studies should help clarify these observations, although it is interesting to note that attempts to construct strains lacking both tRNA Ala and tRNA Glu failed. It is tempting to speculate that complete barrier activity may require sequences in addition to tRNA Ala , such as the nearby tRNA Glu and intervening DNA. Under this model, deletion of tRNA Ala weakens the barrier and permits the epigenetic spread of pericentromeric heterochromatin, resulting in defects in chromosome segregation in meiosis. Absence of the full barrier, in contrast, would not be compatible with normal centromere function, resulting in cell death. In support of this hypothesis, analyses of some S. pombe circular minichromosomes suggest that separation of the central core and pericentromeric heterochromatin domains is required for full centromere activity [49] . Residual barrier activity after removal of only one element is consistent with previous demonstrations that the Drosophila gypsy insulator, which possesses barrier activity, maintains partial activity upon the deletion of several su(Hw) binding sites [50] .
Heterochromatin is thought to spread by a self-propagation and assembly process requiring sequential nucleosome deacetylation and methylation, followed by preferential association with nonhistone chromatin proteins, which, in turn, recruit additional histone-modifying enzymes to act on the neighboring nucleosome (reviewed in [51] ). Within this framework, several mechanisms of barrier activity have been proposed [15] . One mechanism involves the creation of a nucleosome gap, thereby eliminating the substrate necessary for the propagation of heterochromatin. As tRNA Ala barrier activity requires sequences necessary for RNA pol III transcription ( Figure 4 ) and as RNA pol III transcription complex assembly prevents nucleosome placement [52] [53] [54] , our results are consistent with this mechanism. Alternatively, the ''tethering'' model posits that barriers associate with a fixed structure, such as the nuclear pore, resulting in steric hindrance to the propagation of heterochromatin. tRNA genes colocalize with the nucleolus upon transcription complex assembly in S. cerevisiae [55, 56] , raising the possibility that tRNA Ala blocks the spread of heterochromatin by altering its nuclear position. A more active model suggests that barriers function by manipulating the histone code. Histone modification is a common component of native chromatin boundaries in budding yeast [14, 19] and vertebrates [20, 57, 58] . Moreover, changes in the histone methylation pattern coincide with DNA flanking the antigen receptor loci poised for V(D)J rearrangement in mouse [59] and the centromeres and silent mating-type locus in fission yeast [16, 21] . Support for histone code manipulation at the tRNA Ala barrier comes from the demonstration that human TFIIIC relieves nucleosome-mediated repression and possesses histone acetyltransferase activity in vitro [60, 61] . Finally, centromeric tRNA Ala may exert a negative position effect [62] [63] [64] on transcription of centromeric repeats, a step required for heterochromatin assembly in fission yeast involving the RNA interference pathway [65, 66] . It should be noted that these models are not mutually exclusive and that complete barrier activity may result from the cooperative effects of more than one mechanism, as demonstrated at the HMR barrier [67] .
As documented here, the tRNA Ala gene marks the physical transition between molecularly and functionally discrete chromatin domains and has barrier activity that restricts the propagation of pericentromeric heterochromatin. The findings reported here might be general features of S. pombe centromeres, as, at each fission yeast centromere, pairs or clusters of tRNA genes reside at locations suspected to demarcate the boundary between different chromatin domains [21, 28, 46, 47] . Unlike previously characterized barriers located in euchromatin that demarcate neighboring transcriptionally active and inactive domains (reviewed in [14] ), tRNA Ala is embedded Fission Yeast Centromeric Heterochromatin Barrierin centromeric chromatin. We speculate that, unlike conventional barriers that ensure appropriate euchromatic gene expression, the tRNA Ala barrier prevents heterochromatin from encroaching upon specialized centromeric chromatin, and thus may also be required for proper kinetochore assembly and function.
Experimental Procedures
Plasmid DNAs Plasmid pSp(cen1)-BHp [68] was digested with EcoRV (31915 cen1 contig) and EcoR1 (33697 cen1 contig), and the 3.462 kb fragment containing tRNA Ala and tRNA Glu was ligated with pUC18 digested with SmaI and EcoRI to make plasmid SM191. SM191 was digested with BamH1 and HincII, and the 1.782 kb insert was isolated and ligated with a pBluescript vector in which the HindIII site had been destroyed by digestion and filled in with Klenow polymerase to make plasmid SM235. SM235 was digested with HindIII to linearize, and the 1.7 kb ura4 + reporter gene was cloned into this vector in both orientations to make SM 353 and SM349. SM353 and/or SM 349 were modified by site-directed mutagenesis (QuickChange, Stratagene) to make Dala, Dglu, A box, TATA, and loop plasmids. 
Fission Yeast Strains
The genotypes for S. pombe strains used in this study are listed in Table S1 in the Supplemental Data available with this article online. Media were prepared according to standard procedures [69] . All transformations were performed by electroporation (1.5 kV, 200U, 25 uF; BioRad Gene Pulser II) and contained 1 3 10 8 cells of KFY104. Transformation mixtures were plated on PMG media lacking uracil. Individual Ura + transformants were streak purified serially twice with selection (PMG media lacking uracil) followed by selection on PMG complete media supplemented with 2 g/l FOA (MP Biomedicals). Strains with compromised growth on PMG complete media supplemented with 2 g/l FOA were rescued from media lacking uracil and analyzed further by PCR and Southern analysis. At least three independent transformed strains were established from each construct, with the exception of Dglu, where only one strain was obtained. Strains were crossed 2-3 times to KFY3/4 before further analyses.
Serial Dilution Assay of Cell Growth Serial (1:4) dilutions of cultures grown overnight in YES media at 32ºC to w8 3 10 6 cells/ml were spotted onto PMG complete media, PMG complete media supplemented with 2 g/l FOA (MP Biomedicals), or PMG media lacking uracil. Plates were grown for 3 days at 32ºC and photographed. The most intense spot contains 2.5 3 10 5 cells/ml.
Real-Time RT-PCR
Yeast were grown in YES to 5 3 10 6 cells/ml at 32ºC. cDNA was prepared by oligo dT primed RT-PCR. Real-time PCR was performed in the presence of SYBR Green on a Bio-rad iCycler with the following primer pairs for ura4 + : 5026, 5 0 -TGATATGAGCCCAAGAAGCA-3 0 ; 5027, 5 0 -AAAAACTGGTGGCCTTAGGT-3 0 , and act1 + 5034, 5 0 -CTT TGAACCCCAAATCCAAC-3 0 ; 5035, 5 0 -TAACACCATCACCAGAGTC CA-3 0 . The standard curve was generated with genomic DNA isolated from the wild-type strain (ura4 + KFY2). Data were analyzed with iCycler iQ Optical System Software. ura4 + levels were normalized to act1 + levels, quantified relative to the wild-type strain, and graphed with GraphPad Prism.
ChIP
ChIP was performed as previously described [70] . Cells were spheroplasted at 10 8 cells/ml in PEMS (100 mM PIPES [pH 7], 1 mM EDTA, 1 mM MgCl 2 , 1.2 M sorbitol) + 0.4 mg/ml zymolyase-100T for 25 min at 37ºC. Cells were washed twice in PEMS and cell pellets were frozen at 280ºC. 10 ml Cnp1 antisera (a gift from Alison Pidoux) or 2 ml Anti-dimethyl-histone H3 (Lys9) (07-212, Upstate Biotechnology) was used in ChIPs. PCR products were quantified as described for RT-PCR. For the input PCR, ura4 + values were normalized to the act1 + value, giving the input ratio. Enrichment of ura4 + in the ChIPs was calculated relative to the act1 + value and then corrected for the ratio obtained in the input PCR. Although there was variation in the actual values obtained between individual ChIP experiments, the fold enrichments observed in various strains were consistent between experiments. At least two independent ChIP experiments were performed for each chromatin environment.
Random Spore Analysis
Mated cells were resuspended in 500 ml of distilled water, and glusulase was added to a final concentration of 0.5%. Cells and asci were incubated overnight at 32ºC. Spore liberation was confirmed by phase contrast microscopy. An equal volume of 60% ethanol was added to kill remaining vegetative cells. Cells were washed twice in distilled water and resuspended in 500 ml distilled water, and cell density was determined with a haemocytometer. Approximately 500 spores were plated on nonselective agar and incubated at 32ºC until colonies appeared. Whole-cell PCR was conducted with DS/E primers (DSE1, 5 0 -TTCGACAACAGGATTACGACC-3 0 ; DSE2, 5 0 -GAGGGGATGAAAAATCCCAT-3 0 ).
SNaPshot SNP Detection cDNA from wild-type and loop mutant strains was prepared by random hexamer-primed RT-PCR. A loop-specific primer (5179, 5 0 -TGGTGTAGATGGTTATCACGCTTCAACC-3 0 ; +8-+35, underlined nucleotides indicate the 4 bp loop mutation) was used in SNaPshot PCR reactions (ABI) with wild-type and loop mutant yeast, as well as plasmid controls. SNaPshot products were electrophoresed on an ABI 3100 Genetic Analyzer and analyzed with GeneScan software.
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